Abstract A spacecraft loses all forms of communication, including global positioning system signals, data telemetry, voice communication and so on, when it enters the communication blackout phase. This becomes more and more critical with the development of reentry vehicle missions since radio blackout brings about many serious issues related to vehicle safety. This paper studies the influence of magnetic field on antenna performance in plasma. The results indicate that the effect of plasma on the antenna performance can be negligible when the magnetic field reaches a certain strength. This provides another way to solve the reentry blackout problem.
Introduction
Surface materials and the ambient air around a hypersonic spacecraft are ionized and form a partially ionized gas known as plasma when the spacecraft reenters the Earth's atmosphere. The plasma sheath leads to electromagnetic wave reflection, refraction and absorption, and thus results in beam intensity decay, deflection, time delay, phase shift, and so on; in serious cases, the transmission of electromagnetic waves will be completely interrupted [1] . It will cause the radar to lose its target and lead to the lives of astronauts being at risk.
Many scholars have conducted a large number of theoretical and experimental studies on the transmission characteristics of electromagnetic waves in a plasma [2−7] . Studies have shown that attenuation varies with the wave frequency, plasma density, and collision frequency. It is of important significance for studying the interaction of electromagnetic waves and plasma and may well pave the way towards solving the blackout problem.
Hodara first proposed using an external magnetic field to slow down the attenuation of the right-hand circular polarized electromagnetic wave propagation in a plasma flow field [8] . Starkey analyzed the effect of an external magnetic field on the electromagnetic wave propagation in plasma with electromagnetic wave frequency at 2.45 GHz, 10 GHz and 20 GHz. The results show that the effect of a magnetic field in slowing down right-handed circularly polarized wave attenuation is very obvious. However, these studies focus on the interaction between an electromagnetic wave and plasma while few works studied the influence of plasma on the antenna performance. This paper studies the effect of non-magnetized and magnetized plasmas on antenna performance.
2 Helical antenna characteristics under the cover of nonmagnetized plasma
The helical antenna characteristics
The antenna could use a three-dimensional axialmode helix, because it has many advantages such as wide bandwidth, relatively wide circular polarization axial ratio bandwidth and high gain [9, 10] . Fig. 1 shows an antenna model. By simulation and optimization we can finalize the size of the antenna [11] . The diameter of the helical conductor is 3 mm, and the number of spiral turns is 5, the helix diameter and pitch are respectively 64 mm and 23 mm, circular floor radius is 100 mm, the spiral from the floor height is 30 mm.
The simulation result using electromagnetic simulation software is shown in Fig. 2 . The resonant frequency of the helical antenna is about 1.2 GHz-1.8 GHz.
The radiation pattern of the helical antenna is shown in Fig. 3 . Some important parameters of the antenna performance can be observed: the main radiation direction is on the top of antenna; 3 dB width is 52 deg; antenna gain is 10.6 dB. The helical antenna axial ratio parameter in the main radiation direction is shown in Fig. 4 . The frequency band of frequencies with an axial ratio less than 3 dB is 1.3-1.7 GHz, reaching 400 MHz. This paper analyzes the uniform plasma mode only very briefly because the mechanism of electromagnetic waves and plasma is very complex. Plasma relative permittivity is calculated as
in which ω is electromagnetic angular frequency; ν en is plasma collision frequency; ω p is plasma angular frequency.
The wave equation of an electromagnetic wave in uniform plasma is described as [12, 13] 
The solution of Eq. (2) for uniform plane waves is
in which wave number k = β − iα,
α is described as the collision absorption of an electromagnetic wave in plasma. β is described as the propagation of an electromagnetic wave in plasma. The electron density of the plasma sheath on high-speed aircraft surfaces is in the range of 10 10 -10 13 cm −3 . The shape of uniform plasma around the antenna is hypothesized as a brick shape. The impact of antenna performance in plasma with 30 mm thickness in the antenna main radiation direction can be calculated.
State 1: Plasma electron density is 10 11 cm −3 ; plasma collision frequency is 1.5 GHz; wave frequency is 1.5 GHz. The cutoff frequency of the plasma ω p is 2.84 GHz>1.5 GHz in this condition. The electromagnetic wave cannot penetrate the plasma in the transmission characteristics of the electromagnetic wave in plasma.
The simulation result of the antenna S11 parameter in state 1 is shown with a straight line in Fig. 5 . The antenna S11 is significantly deteriorated compared with the antenna S11 in air. As the S11 of the resonance point decreases from −27 dB to −13 dB, the antenna bandwidth decreases from 600 MHz to 200 MHz, as shown in Fig. 5 .
Fig.5 The reflection coefficients of the antenna in different environments
The radiation pattern characteristic of the antenna in the plasma is shown in Fig. 6 and the axial ratio parameter is showed in Fig. 7 . The direction of the antenna's main lobe changes from 2 deg to 219 deg as the main radiation direction moves from the top to the bottom of the antenna. Some important parameters of antenna performance can be observed: 3 dB width is 87 deg; the gain of antenna decreases from 10.6 dB to -27.2 dB, worsened by 37.8 dB. Fig.6 The radiation pattern of the antenna in a plasma environment Fig.7 The axial ratio of state 1 3 Helical antenna characteristics under the cover of magnetized plasma
The following analyzes the impact of the transfer characteristic of a circularly polarized electromagnetic wave in uniform plasma with an external magnetic field.
When the external magnetic field is parallel to the direction of electromagnetic wave propagation, the dispersion relation formula of the propagation characteristic wave is described as [14] 
in which ω p is plasma frequency; ω le is electron cyclotron frequency; ω li is ion cyclotron frequency; n L , n R are left-handed refractive index and right-handed refractive index. The cutoff conditions of the right-hand and lefthand circularly polarized waves can be described as n 2 R = n 2 L = 0. Then the cutoff frequencies of the righthand and left-hand circularly polarized waves are:
The resonance condition of the right-hand and left-hand circularly polarized waves can be described as n 2 R = ∞, n 2 L = ∞, so the resonant frequencies of the right-hand and left-hand circularly polarized waves are ω
According to the dispersion relation (6) and (7), the dispersion relations of right-hand and left-hand circularly polarized waves are shown in Fig. 8 and Fig. 9 .
The following conclusions can be drawn.
a. There are two pass bands for a right-handed circularly polarized wave: the region of ω > ω R and ω < ω le .
b. There are also two pass bands for the lefthanded circularly polarized wave: the region of ω > ω L and ω < ω li .
c. The right-handed circularly polarized electromagnetic wave has a relatively wide pass band because of ω le ω li . It is more advantageous to penetrate the plasma using right-handed circularly polarized electromagnetic waves. in the plane perpendicular to the magnetic field lines due to the presence of a constant magnetic field B 0 . A new transmission mode will be introduced in this case. The plasma collision frequency is considered as zero in the following analysis. An electromagnetic wave with an operating frequency less than the plasma frequency cannot spread when the external magnetic field B 0 is zero. The orbit radius of an electron cyclotron will decrease with the increase of the magnetic field. The orbit radius is close to zero when the magnetic field is infinitely large. Electronics will no longer affect the plane electromagnetic wave perpendicular to the magnetic field direction because the movement of electrons is frozen in the transverse plane. It can open a "spectral window" in this way. A plane wave propagates in this window as if in a vacuum.
The ground plate of the antenna is replaced by a rare earth permanent magnet NdFeB with 625000 S/m conductivity in the following analysis. The propagation direction of electromagnetic waves is parallel to the direction of the magnetic field.
State 2: Plasma electron density is 10 11 cm −3 ; wave frequency is 1.5 GHz; plasma collision frequency is 1.5 GHz; magnetic field B is 0.1 T.
The simulation result of the antenna S11 parameter in state 2 is shown in Fig. 10 . The antenna S11 is slightly improved compared with the antenna S11 in non-magnetized plasmas. The radiation pattern characteristic of an antenna in plasma with a 0.1 T magnetic field is shown in Fig. 11 . The axial ratio parameter is showed in Fig. 12 . The direction of antenna radiation is transformed back to the top of the antenna. The gain of the antenna decreases from 10.6 dB to −8.5 dB, only worsened by 19.1 dB as compared with the antenna in air. The gain of antenna increases from -27.2 dB to -8.5 dB, an improvement of 18.7 dB as compared with the antenna in non-magnetized plasmas. The attenuation of electromagnetic waves propagating in plasma with a 0.1 T magnetic field is significantly reduced. However the difference between the radiation pattern of the antenna in state 2 and the radiation pattern of the antenna in air is still rather large. The main lobe direction and 3 dB width of the antenna in state 2 are 13 deg and 80 deg, respectively. However, the main lobe direction and 3 dB width of the antenna in air are 2 deg and 52 deg, respectively. So we can draw the following conclusions. The attenuation of electromagnetic waves propagating in plasma is obviously decreased in the presence of a 0.1 T magnetic field, but the difference between the antenna performance in the air and in state 2 is still great. State 3: Plasma electron density is 10 11 cm −3 ; wave frequency is 1.5 GHz; plasma collision frequency is 1.5 GHz; magnetic field B is 0.6 T.
We just increase the magnetic field from 0.1 T to 0.6 T in comparison with state 2. The simulation result of S11 in state 3 is shown in Fig. 10 . The S11 of the antenna is slightly improved compared with the antenna S11 in state 2.
The radiation patterns of the antenna in plasma with 0.1 T and 0.6 T magnetic fields and in an air environment are shown in Fig. 11 . The axial ratio parameter is showed in Fig. 13 . The gain of the antenna in state 3 decreases from 10.6 dB to 7.8 dB, worsened by 2.8 dB only as compared with the antenna in air. The gain of the antenna increases from -27.2 dB to 7.8 dB, improved by 35 dB as compared with the antenna in non-magnetized plasmas. The gain of the antenna increases from -8.5 dB to 7.8 dB, which is an improvement of 16.3 dB as compared with the antenna in state 2. The attenuation of electromagnetic waves propagating in plasma is significantly reduced with increasing magnetic field intensity. The main lobe direction and 3 dB width of the antenna in state 3 are 2 deg and 56 deg. The main lobe direction and 3 dB width of the antenna in air are 2 deg and 52 deg. It can be seen that the difference between the antenna performance in state 3 and the air is very small. Fig.13 The axial ratio of state 3
Conclusion
The plasma will obviously inhibit the transmission characteristics of electromagnetic waves but also influence indicators of antenna performance such as main lobe direction, beam angle and axis ratio. When the wave frequency is greater than the cut-off frequency, the attenuation of an electromagnetic wave in plasma is small. Theoretically, the electromagnetic wave can penetrate the plasma, but the performance of the antenna is still greatly affected by plasma in this case. The attenuation of electromagnetic waves propagating in plasma is significantly reduced when there is an external magnetic field. The performance of the antenna is still severely affected by the plasma when the magnetic field intensity is low. The performance of the antenna in plasma is significantly improved with increasing magnetic field intensity. The performance of the antenna in plasma can be close to the performance of the antenna in air when the magnetic field intensity reaches a certain level.
A circularly polarized antenna, in particular, a righthand circularly polarized antenna, can function in the plasma environment when the magnetic field has the right intensity. The performance of the antenna is little affected by the plasma. It provides a method to solve the problem of communication blackout. The next plan is to manufacture a material object and start related experimental studies using plasma equipment in order to verify the above results of theoretical analysis and simulation.
